Neurofibromatosis type 1 is one of the most common neurocutaneous autosomal dominant disorders. It is caused by mutations in the neurofibromatosis type 1 (NF1) gene and approximately 30-40% of them affect the correct splicing of NF1 pre-mRNA. In this report, we evaluate the effect of five different drugs, previously found to modify splicing in several genetic disorders, on the splicing of mutated NF1 alleles. For this purpose, cell lines derived from patients bearing 19 different NF1-splicing defects were used. Our results showed that kinetin partially corrects the splicing defect in four of the studied mutations (c.910C4T, c.3113G4A, c.6724C4T and c.6791dupA). Our study is a valuable contribution to the field because it identifies new exon-skipping events that can be reversed by kinetin treatment and provides new information about kinetin splicing modulation. However, owing to the nature of mutations in our patients, kinetin treatment could not be used as a therapeutic agent in these cases. [3] [4] [5] [6] [7] [8] This modification has mainly been shown in splicing mutations giving a percentage of wildtype transcripts from the mutated allele, which is also described as having a 'leaky' effect. In a previous collaborative study in which kinetin corrected aberrant splicing for the most common splicing mutation in familial dysautonomia (FD), we also demonstrated that kinetin was able to restore normal splicing for one NF1 mutation (c.6724C4T, exon 36) in a minigene splicing model, 9 which encouraged us to extend our research to other mutations. In this study, we evaluated the effect of kinetin and of four other drugs (valproic acid (VPA), sodium butyrate (SB), (À)-epigallocatechin gallate (EGCG) and aclarubicin), which were previously found to modify splicing in other genetic disorders, in cell lines derived from patients harboring 19 different NF1 splicing mutations to evaluate their putative use as therapeutic agents for NF1.
INTRODUCTION
Neurofibromatosis type 1 (NF1, OMIM#162200) is a common autosomal dominant genetic disorder caused by mutations in the NF1 gene and is mainly characterized by the presence of café-au-lait spots and dermal neurofibromas. More than 1000 different mutations have been uncovered to date, 1 and approximately 30-40% of these affect the correct splicing of the gene. 1, 2 Recent studies have demonstrated that several drugs can modify transcriptional patterns from alleles carrying splicing mutations in different disorders. [3] [4] [5] [6] [7] [8] This modification has mainly been shown in splicing mutations giving a percentage of wildtype transcripts from the mutated allele, which is also described as having a 'leaky' effect. In a previous collaborative study in which kinetin corrected aberrant splicing for the most common splicing mutation in familial dysautonomia (FD), we also demonstrated that kinetin was able to restore normal splicing for one NF1 mutation (c.6724C4T, exon 36) in a minigene splicing model, 9 which encouraged us to extend our research to other mutations. In this study, we evaluated the effect of kinetin and of four other drugs (valproic acid (VPA), sodium butyrate (SB), (À)-epigallocatechin gallate (EGCG) and aclarubicin), which were previously found to modify splicing in other genetic disorders, in cell lines derived from patients harboring 19 different NF1 splicing mutations to evaluate their putative use as therapeutic agents for NF1.
MATERIALS AND METHODS
A total of 22 patients carrying 19 different NF1 splice mutations were studied (Table 1 ). Blood samples were collected to obtain both short-term lymphocyte cell cultures and EBV-transformed lymphocyte cell lines from each patient. In two cases, fibroblast cultures from skin or neurofibromas were also obtained. Cell lines were grown as previously described 8, 9 and were treated with the following concentrations: kinetin (K, 100 mM), VPA (50 mM), SB (5 mg/ml), EGCG (25 mg/ml), all dissolved in water, and aclarubicin (A, 10 nM) dissolved in DMSO (see details in the Results section). Nontreated cell lines or cells treated with DMSO were used as controls. Experiments were performed in duplicate. The relative amount of NF1 full-length and aberrantly spliced transcripts was determined using a semiquantitative RT-PCR approach and an Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany) 9 (Supplementary Figure 3) . Results are shown as percentages of aberrantly spliced transcripts. EBV-transformed lymphocyte cell lines, for which drug treatment elicited an effect on splicing, were treated with 200 mg/ml puromycin (Sigma, St Louis, MO, USA) for 4 h after 20 h of drug treatment to inhibit the nonsense-mediated RNA decay (NMD) mechanism.
RESULTS
First, experimental conditions were set up in NF1 EBV-transformed cell lines to optimize drug treatment in relation to cellular toxicity and drug concentration, on the basis of previous reports [3] [4] [5] [6] [7] (Supplementary Figure 1 ). Cellular toxicity was only observed for EGCG treatment at 50 mg/ml. Next, short-term lymphocyte cell cultures and EBVimmortalized cell lines from all patients were treated, and no differences were observed between both cell cultures. To compare the results between drugs, data for each patient were normalized by calculating a ratio of aberrantly spliced transcripts from treated cells vs that from untreated cells in each case (Figure 1) . A relative decrease, approximately between 30 and 90%, in aberrantly spliced transcripts was observed after kinetin treatment for mutations c.910C4T (exon 7, patients 2 and 3), c.3113G4C (exon 18, patient 11), c.6724C4T (exon 36, patient 16) and c.6791dupA (exon 37, patient 17) in both cell culture types (Figures 1 and 2a and Supplementary Figure 2) . It is noteworthy that the observed effect of mutation c.6791dupA (patient 17) is a reduction just above our threshold of 30%; in contrast, no effect was detected for a mutation located close by (c.6792C4A, patients 18-19). Interestingly, cell lines from the patient with mutation c.6724C4T showed less evident exon 36 inclusion that the minigene model from our previous study. 9 Differences in the splicing behavior of minigenes and primary cell lines have been reported in literature, which highlights the importance of the surrounding genomic region in determining the splicing. 10, 11 Moreover, the heterozygosity of cell lines derived from patients vs homozygosity in constructions should be taken into account when comparing data.
To evaluate the effect of kinetin concentration on splicing correction, we performed a dose-response experiment in EBV-immortalized lymphocyte cell lines from all patients showing a kinetin response. Kinetin was tested at 50, 100 and 200 mM for 24 h, which revealed a concentration-dependent splicing correction, which was incomplete ( Figure 2c ).
To determine the duration of the kinetin effect on splicing, a timecourse experiment was performed at 100 mM for 1, 4, 8, 16, 24, 48 and 72 h without kinetin replenishment. For mutations c.910C4T, c.3113G4C and c.6791dupA, a partial kinetin effect was observed at 4 h after treatment and was maintained for at least 72 h. For mutation c.6724C4T, the same effect was observed 1 h after treatment and was also maintained for at least 72 h (Figure 2d ).
Interestingly, all mutations showing a kinetin effect were nonsense, missense and frameshift mutations that led to exon skipping (Table 1) . A previous study by our group demonstrated that mutations in exons affecting correct NF1 splicing produce two types of aberrant transcripts: transcripts with the original mutation and transcripts showing exon skipping. 2, 12 Skipping of exons 7, 18 and 37 is in frame, but skipping of exon 36 is out of frame. It is well known that nonsense transcripts could be subjected to degradation by the NMD phenomena. The NMD inhibitor puromycin was added to the treated NF1 cultures to confirm that kinetin acted directly on NF1 mRNA splicing and not on the degradation of nonsense transcripts produced by mutations. Correction of aberrant splicing by kinetin was also observed in cell cultures containing puromycin (Figure 2b) .
Finally, we analyzed the effect of kinetin on fibroblast cultures derived from two patients with mutation c.910C4T to evaluate possible differences in distinct cell types. Kinetin treatment was found to have a similar effect on the degree of aberrant splicing correction and the dose-dependent effect (Supplementary Figure 4) , indicating that the observed restoration was not restricted to lymphocyte cells.
DISCUSSION
Approximately 30-40% of NF1 patients carry mutations that affect the correct splicing of the NF1 gene. Owing to the high prevalence of these mutations, one of our goals is to develop therapeutic approaches for affected individuals. 13 In this regard, several drugs have been found to modify splicing in other genetic conditions. [3] [4] [5] [6] [7] In a previous exploratory study, we demonstrated that kinetin improved exon 36 inclusion in a minigene model for NF1 mutation c.6724C4T. 9 Here, we evaluated the effect of five different drugs, including kinetin, on 19 different mutations and found that kinetin was able to partially correct aberrant splicing caused by four NF1 splicing mutations (c.910C4T, c.3113G4C, c.6724C4T and c.6791dupA). Exon inclusion was dose dependent, appeared after a few hours and lasted for at least 3 days. The same effect was also observed after inhibition of the NMD mechanism by puromycin treatment, which demonstrates that kinetin acts independently of NMD. The other studied drugs did not show any effect in our set of mutations, which confirms the existence of multiple, distinct mechanisms that contribute to exon selection during pre-mRNA processing. 7 Kinetin is a plant cytokinin used in topical applications for its antiaging properties. Its effect on splicing modulation has been demonstrated in IKBKAP, ABI2, BMP2K and NF1 genes. 7, 9 Recently, treatment of FD by oral administration of kinetin showed an increase in both IKBKAP-mRNA levels and protein expression. 14 Kinetin treatment would be an excellent therapy for FD, in which 99.5% of patients harbor the same splicing mutation, as well as for other splicing disorders in which kinetin could have a modifier effect. Unfortunately, in the case of NF1, the various splicing mutations would hamper the development of a common treatment. Although the mechanism by which kinetin promotes exon inclusion is still unknown, the presence of a CAA motif at the exonic sequence of the 5¢ donor site may be involved in splicing regulation. 9 However, although this motif is present in exon 36 of the NF1 gene, it is absent in exons 7, 18 and 37, in which a kinetin effect was also observed. This makes it difficult to ascertain the role of the motif in splicing regulation.
In a previous exploratory study, we demonstrated that kinetin improved exon 36 inclusion in a minigene model for NF1 mutation c.6724C4T. 9 In cell lines of this patient, we demonstrated that exon 36 inclusion is less evident in cell lines of patients than in our minigene model; this has been previously reported in the literature for other mutations, highlighting the importance of the whole genomic region in the determination of splicing.
In this study, all mutations showing a kinetin effect were exonic. Therefore, correction of aberrant splicing by kinetin treatment produces aberrant transcripts anyway, corresponding to transcripts with the original DNA mutation and, unfortunately, drug treatment will not produce therapeutic effects. However, although our results are not clinically relevant at present, the approach has been demonstrated to be useful for identifying drugs that are able to revert abnormal splicing, and could therefore be of therapeutic interest when skipping-reversion is produced by intronic mutations, as observed in FD, 7 or silent mutations, as seen in spinal muscular atrophy. [3] [4] [5] Moreover, this type of analysis could also be performed for other emerging drugs or splice factors to identify therapeutic approaches for NF1 patients carrying specific splicing mutations, and would shed some light on NF1 splicing modulation and on the different mechanisms promoting exon inclusion.
